Introduction {#s1}
============

Arterial stiffness is one of the earliest predictors of the onset of hypertension ([@B1]) and can be gauged by measuring pulse wave velocity (PWV) or pulse wave analysis (PWA). Pulse wave velocity is the gold standard in non-invasive arterial stiffness assessment ([@B2]), and is the transit time of a pulse wave measured between two pre-defined anatomical locations \[distance traveled (m)/pulse transit time (s)\]. In particular, the carotid-femoral PWV (cf-PWV) provides the most clinically relevant, non-invasive arterial health measurement as the pulse wave passes through the aortic artery ([@B2]).

Moreover, PWV is a strong predictor of future cardiovascular events ([@B3]), particularly in younger individuals at intermediate risk ([@B4]). Increased aortic PWV has been associated with reduced VO~2max~ performance in sedentary, middle aged participants ([@B5]), subclinical disease in coronary, lower extremity and cerebral arterial beds ([@B6]), and reduced skeletal muscle mass ([@B7], [@B8]). Furthermore, higher PWV has been associated with reduced cognitive ability in hemodialysis patients ([@B9]) as well as in older adults ([@B10]). The range in subjects receiving arterial stiffness assessments has also been broadened to include neonates ([@B11]), children ([@B12], [@B13]), adults ([@B14]), the elderly ([@B15]), and athletic populations ([@B16]). The wide use of these arterial stiffness measurements has enabled the establishment of normal and reference values aiding the assessment and interpretation of arterial health measures ([@B17]).

The central pressure waveform and its derived measures such as measurements of central pressure, pulse pressure and the Augmentation index (AIx) collected during the automated PWA provide an indication of peripheral arterial stiffness rather than central arterial stiffness as in PWV. AIx is the ratio of the central augmented pressure to the central pulse pressure expressed as a percentage and provides information on the interaction of the forward moving pressure wave (caused by ventricular contraction), with the backwards-moving reflective wave generated when the forward-moving wave meets a bifurcation in the artery ([@B2]). PWA has had broad application to numerous populations and in numerous contexts. For example, higher AIx has been associated with increased cardiovascular risk ([@B18], [@B19]), lower cardiorespiratory fitness ([@B20]), and increased clinical severity of coronary artery disease and percutaneous coronary intervention treatment in patients with a high Framingham risk score ([@B18]). In addition, higher AIx has also been associated with normotensive kidney disease ([@B21]), headaches and migraines in obese participants ([@B22]), and lower academic and motor performance in adolescents ([@B23]).

The rise in arterial stiffness research over the past few decades results from the availability of reasonably portable, relatively easy to use, time-efficient, and non-invasive devices. Recently, AtCor Medical Pty Ltd. released the SphygmoCor XCEL device which uses cuff-based volumetric displacement to detect the brachial and femoral pulse waves rather than applanation tonometry ([@B24]). These cuff-based measurements for PWA have vastly reduced measurement complexity and measurement time while providing validated methods of collecting arterial stiffness ([@B25], [@B26]).

Increased accessibility to more automated arterial stiffness measurement devices has meant that measuring arterial stiffness is no longer limited to a few highly-trained specialists. For example, some studies have reported measurements taken by relatively novice operators ([@B27], [@B28]). While these studies have reported good repeatability between novice operators, no comparisons were made between novice vs. experienced operators. To our knowledge, no evidence-based recommendations exist for the training periods required to achieve reliable expert-level measures of arterial stiffness. Therefore, there is a wide range in what constitutes a "well-trained" operator. For example, reported PWA training periods range from 2-day theoretical/practical workshops and 35 practice measurements ([@B27]), to 110 PWA measurements ([@B29]), while PWV measurements have been measured after as little as 15 practice measurements in work colleagues ([@B28]).

Subtle differences in tonometer technique, software literacy, and confidence of the operator may reduce measurement accuracy amongst novice operators. As Vlachopoulos et al. ([@B30]) found that a 1 m/s increase in PWV corresponded to an increase in cardiovascular risk by \~15% (after adjusting for age, sex, and risk factors). Any technique-related PWV measurement inaccuracy could have implications for clinical decision-making by health practitioners and the outcomes of care for their patients.

Regarding the SphygmoCor XCEL in particular, there are several measurement options in the module\'s capture settings. For example, if the operator selects the "automatic capture" option for their assessment of PWV, the operator may opt for an automatic capture period of 5, 10, or 20 s (as opposed to the operator selecting when to capture the pulse waves) wherein the software will capture recorded pulse waves over this duration, provided they are of sufficient quality. Aside from a recommendation to use the 20 s automatic capture for patients with unstable heart rates ([@B31]), very little advice is provided in the Operator\'s Manual regarding the best capture setting to use for consistent results. Reporting measurement capture duration settings is unconventional in arterial stiffness studies, thus little is known about which of these time-periods would provide the most reliable results when used by a novice operator.

Therefore, the first aim of this study was to monitor novice vs. experienced operator differences chronologically to determine the minimum training time required by novice SphygmoCor XCEL operators to reach expert-level accuracy. The second aim was to compare the differences between the inter-operator variability between 5, 10, and 20 s measurement capture times to provide a recommendation on which capture period is most reliable during the learning process.

In this study, the cf-PWV was measured using carotid applanation tonometry. Although it is not affected by wave reflection, it requires skill by the operator to obtain accurate applanation (flattening of the arterial wall) which can be difficult since the artery can move freely under the sensor and needs to be stabilized by pressure on nearby neck structures ([@B32]). PWA was measured using volumetric cuff displacement of the peripheral pressure waveforms to generate a corresponding central aortic pressure waveform ([@B31], [@B33]). One might assume that there would be more inter-operator variability of cf-PWV which requires accurate tonometer placement and pressure, as opposed to the automated measure of AIx which only requires proper cuff placement.

Materials and Methods {#s2}
=====================

Participants
------------

Participants were recruited from posters at a university\'s recreation center and through word-of-mouth. Inclusion criteria was participants ≥18 years of age who were able to attend a scheduled appointment in the morning. Exclusion criteria was participants who had a double mastectomy, were hypotensive or had or were treated for any cardiovascular disease (CVD) or peripheral artery disease (PAD). Hypotensives were excluded since they have a harder pulse to transduce, and are one of the more challenging patient groups for novice operators. Including hypotensive participants would give a distinct advantage to the more experienced operator, thus unduly impacting the inter-operator differences. Participants with CVD or PAD were excluded as some may have irregularities in blood pressure which could change for each operator, again, impacting inter-operator differences.

Forty-five participants were initially enrolled in the study, but four participants were later excluded from the dataset due to technical error (novice operator failed to move inflation hose from arm cuff to thigh cuff) (*n* = 2), environmental disruption causing disruption of measurement (*n* = 1) and the inability to capture PWV data by both operators (*n* = 1) due to high adipose tissue in neck (details in recommendations and conclusion).

The final dataset comprised 41 participants (18 males, 23 females, age: 46.6 ± 14.9 years; weight: 74.9 ± 14.8 kg; height: 171.9 ± 7.8 cm; BMI: 25.2 ± 3.8; systolic blood pressure: 122.8 ± 14.7 mmHg; diastolic blood pressure: 76.0 ± 8.9 mmHg; resting heart rate: 57 ± 9.2 bpm). Seventy-eight percent of the participants considered themselves physically active (≥150 min/week), with the remaining 22% physically active for \<150 min/week. Ethical approval was obtained from the local university\'s Human Ethics Committee, and all participants provided written informed consent.

Procedures
----------

To understand the differences between an experienced and novice operator, 2 exercise-scientists collected data by serving as the device operators for this research project. The first operator had \~1 year experience with regular intervals of collecting PWV and AIx measurements using the SphygmoCor XCEL, testing over 80 people in total. The second operator had no experience collecting arterial health measures prior to this study. The novice operator was asked to read the entire operator\'s manual for SphygmoCor XCEL System v1 to familiarize herself with the device, measurement protocol and to become familiar with the software. The novice operator received 1-h of measurement training which comprised of technical information as well as PWA and PWV measurement demonstrations provided by the experienced operator and other trained operators from the research team. The novice operator then practiced on five different people, for 10--15 min per person on two occasions (2 just after the technical information and demonstration, and 3 on the morning prior to the research-related data collection). During these two training sessions, the experienced operator as well as two other trained operators from the research team provided feedback to the novice operator during and after testing and they answered her questions as needed. To ensure comparable familiarization prior to the examination of the test participants, the experienced operator also attended the technical information session, and performed similar "practice" measurements on the same preparation participants for 10--15 min each.

The novice and experienced operators alternated in their testing order whereby the operator who was first to collect data from the first participant would then be second to collect from the second participant and so on. Operators were not privy to each other\'s measurements and results. Each operator was allocated a maximum of 30 min to capture all the recordings which were conducted in the following order: height and body composition analysis, PWA, 5-s PWV, 10-s PWV, and 20-s PWV. Between operator recordings, the participant was asked to stand up and walk around for a few minutes to mimic the starting test conditions for the second operator as the participant walked to the first test from the building\'s reception.

The second operator then re-measured for height and body composition. All testing sessions followed identical protocols to reduce or eliminate any protocol-related measurement errors between operators. Pulse wave velocity and AIx data from each operator were recorded in an Excel spreadsheet. This grouping allowed for the comparison of measurement agreement between the novice and experienced operator over time to determine the effect of operator experience on measurement accuracy.

Arterial Stiffness Assessment
-----------------------------

Pulse wave velocity and PWA are two of the most commonly reported arterial stiffness measurements ([@B34]), and therefore comprised the focal measurements of arterial stiffness in the present study. Participant conditions were standardized according to the recommendations listed by the expert consensus document on arterial stiffness ([@B2]).

All measurements were conducted between 5:30 and 11:30 a.m. from Monday to Friday for 2 consecutive weeks. Participants were instructed to avoid strenuous physical activity for 12 h, tobacco and caffeine for 4 h, and to have fasted from food and alcohol for 6 h prior to assessment ([@B35]). All prescribed medications were continued as usual. Following arrival, the participants were familiarized with the lab space, equipment, operators, and research protocols. Height (SECA220 stadiometer, SECA GMBH & Co., Germany) and body composition (InBody 230, Biospace, Seoul, South Korea) were then measured.

### Pulse Wave Analysis (PWA)

Supine PWA was assessed automatically using the SphygmoCor XCEL System v1 (AtCor Medical Pty Ltd., Sydney, Australia) technology and software (SphygmoCor XCEL Software Version: 1.2). Briefly, a pneumatic blood pressure cuff connected to the SphygmoCor® EXCEL was fitted firmly over the participant\'s right upper arm and aligned over the brachial artery. The participant then rested for 5-min in a supine position. The Sphygmocor XCEL software was used to initiate the cuff inflation for the automatic PWA measurement. In this assessment, the brachial cuff automatically inflates to measure brachial systolic and diastolic pressure, then it deflates and automatically re-inflates after 5 s to capture the PWA waveform ([@B35]). The participant\'s brachial blood pressure, and AIx measurements were then recorded separately onto an Excel spreadsheet. As heart rate has a profound effect on AIx ([@B36]), the AIx was normalized to a heart rate of 75 bpm (AIx75).

### Pulse Wave Velocity (PWV)

Measurement sites for the PWV analysis were the right carotid artery and right femoral artery ([@B2]). The direct method was used to determine the PWV distance as this technique is less complex (less risk of compounding error) than the subtraction method and is more commonly used in arterial stiffness research ([@B17]). The location of the strongest carotid pulse was palpated and then marked on the participant\'s neck. A femoral cuff was then fitted as high up as possible on the participants\' right thigh over either thin clothing or bare skin. The distance between the carotid mark and the top edge of the femoral cuff was measured using SECA 207 folding calipers (Hamburg, Germany) designed to increase measurement accuracy in individuals with large breast size or abdominal obesity ([@B2], [@B37], [@B38]). The distance between the femoral artery and the femoral cuff was then measured by flexing the participant\'s hip to locate the participant\'s inguinal crease, and then measuring the distance between the top edge of the femoral cuff and the likely location of the femoral artery in the inguinal crease. The straight line "femoral to cuff" and the "carotid to cuff" distances, were entered into the SphygmoCor software. The "femoral to cuff" measurement is automatically subtracted from the "carotid to cuff" measure to indicate the carotid-femoral distance (typically 500--800 mm) which is the distance used in calculating PWV.

The brachial blood pressure was recorded after the PWA measurement. Then, the capture time (either 5, 10, or 20 s) was selected in the SphygmoCor software. The tonometer was positioned over the marked location with the strongest carotid pulse previously detected by the operator. To standardize recordings and reduce subjectivity, the device was set to automatically capture the pulse wave recording after high quality waveforms had been recorded during the specified capture time (i.e., 5, 10, or 20 s). An "automatic capture" was attempted for a full cuff inflation/deflation cycle, plus the first 20 s of the second cuff inflation. Thereafter, if an automatic capture was unsuccessful but the waveforms appeared to be of sufficient quality to the operator, a manual capture measurement was taken. The operator indicated whether a manual or automatic measurement was taken. Regardless of the automatic or manual capture, the measurement quality was assessed automatically by the SphygmoCor software (based on consistent pulse peaks, troughs and amplitude), and were indicated with either a green "quality controlled" tick, or a red cross indicating a lower quality measure ([@B35]). All data for inclusion in this research project were required to have a quality-controlled tick. Any manual capture which did not meet the quality control standards was repeated.

Statistics
----------

Participants\' data were ordered chronologically according to test date and time. Data were then arranged into quintiles to detect any longitudinal differences between the experienced and novice operators.

A simple linear regression was used to determine the validity of the PWA (AIx75) and PWV (m/s) between the experienced (criterion measure) and the novice (practical measure) operators. Measurements were all log transformed prior to analysis, and then back-transformed into a coefficient of variation (CV; Standard deviation expressed as a % of the mean) to reduce non-uniformity of errors ([@B39]). Where a dataset had a negative value, a constant (absolute of the maximum negative value +1) was added to all observations in the dataset such that the smallest observation was always 1.

The CV and the validity correlation coefficient (Pearson correlation) were presented to reflect the prediction error, and variable alignment, respectively. The validity correlations were interpreted using the following scale: \<0.1, trivial; 0.1--0.3, small; 0.3--0.5, moderate; 0.5--0.7 large; 0.7--0.9, very large; \>0.9 extremely large to indicate the level of agreement between the two operators. Correlations \>0.9 are considered acceptable for validity studies ([@B39]).

Finally, the difference in the experienced and novice operator\'s measurements was determined, along with the average and SD of these differences for each quintile. The accuracy of the measurement was assessed using both the mean difference and the SD and was interpreted according to the ARTERY Society Guidelines whereby: Excellent: mean difference ≤ 0.5 m/s and SD ≤ 0.8 m/s; acceptable: mean difference \<1.0 m/s and SD \<1.5 m/s; and poor: mean difference ≥ 1.0 m/s or SD \> 1.5 m/s ([@B40]).

Results {#s3}
=======

For PWA, the quintile-derived averages for the AIx75 measurements were closer between novice and experience operators than the AIx measurements (see [Table 1](#T1){ref-type="table"}). Statistics in [Table 1](#T1){ref-type="table"} indicate that all quintile-derived PWV averages across all time-periods were similar between novice and experienced operators. Measurement similarity between averages worsened in quintile 5 in all measurements ([Table 1](#T1){ref-type="table"}). In all quintiles, the experienced operator had a distinct measurement advantage given this person was much more trained than the novice operator. As a result, there was a positive bias in the mean of the differences between operators as indicated in [Figure 1](#F1){ref-type="fig"} with all mean differences being plotted above 0.

###### 

Means and standard deviations for PWA and PWV measurements recorded by an experienced (criterion) and novice (practical) operator.

  ------------------------- --------------------------- --------------------------- ------------------------------------------------------------ --------------------------- --------------------------- --------------- --------------- --------------- --------------- ---------------
                            **Quintile 1**\             **Quintile 2**\             **Quintile 3**\                                              **Quintile 4**\             **Quintile 5**\                                                                             
                            **(*****n*** **=** **8)**   **(*****n*** **=** **8)**   **(*****n*** **=** **9)**[^\*^](#TN1){ref-type="table-fn"}   **(*****n*** **=** **8)**   **(*****n*** **=** **8)**                                                                   

                            **Criterion**               **Practical**               **Criterion**                                                **Practical**               **Criterion**               **Practical**   **Criterion**   **Practical**   **Criterion**   **Practical**

  **PULSE WAVE ANALYSIS**                                                                                                                                                                                                                                                

  AIx                       18.6 ± 14.9                 17.8 ± 11.3                 15.4 ± 10.1                                                  19.0 ± 11.0                 29.4 ± 11.4                 29.1 ± 9.1      20.1 ± 8.4      18.9 ± 10.8     20.9 ± 14.3     14.0 ± 14.1

  AIx75                     10.9 ± 14.0                 9.6 ± 9.9                   9.5 ± 9.8                                                    8.4 ± 9.7                   21.3 ± 13.0                 21.9 ± 10.7     11.3 ± 10.0     11.1 ± 12.9     12.0 ± 17.6     4.8 ± 15.9

  **PULSE WAVE VELOCITY**                                                                                                                                                                                                                                                

  5 s PWV (m/s)             9.8 ± 1.6                   8.5 ± 3.0                   9.6 ± 1.12                                                   9.2 ± 0.8                   10.1 ± 1.7                  10.4 ± 1.8      9.6 ± 1.0       9.3 ± 1.1       9.4 ± 1.2       8.8 ± 1.3

  10 s PWV (m/s)            10.1 ± 1.3                  9.6 ± 1.6                   9.6 ± 1.7                                                    9.4 ± 1.6                   10.0 ± 2.1                  9.9 ± 1.6       9.5 ± 0.9       9.3 ± 1.2       9.6 ± 1.2       8.7 ± 1.2

  20 s PWV (m/s)            10.1 ± 1.4                  9.0 ± 2.7                   9.8 ± 1.5                                                    9.7 ± 1.6                   10.1 ± 1.9                  10.0 ± 1.6      9.6 ± 0.9       9.4 ± 1.2       9.4 ±1.3        8.8 ± 1.2
  ------------------------- --------------------------- --------------------------- ------------------------------------------------------------ --------------------------- --------------------------- --------------- --------------- --------------- --------------- ---------------

*Data were arranged chronologically based on the date and time of the participant\'s assessment, and then divided into quintiles in order to assess the progressive effect of learning on measurement accuracy. Data are presented as mean ± standard deviation*.

*10 and 20 s PWV quintile 3 groups had 8 participants*.

![Proportion of "automatic captures" for the experienced (criterion) and novice (practical) operators during the 3 time recording windows (5, 10, 20 s). Quintiles were ordered chronologically according to test date and time (Quintile 1 contains first participants tested).](fcvm-07-00072-g0001){#F1}

During measurement capture, the novice operator relied on predominantly manual capture measurements in the first quintile. In Quintiles 2--5 both the novice and experienced operators relied predominantly (\>75%) on automatically captured measurement ([Figure 1](#F1){ref-type="fig"}).

On the whole, measurement reliability (intraclass correlation) improved and measurement variability (coefficient of variation) decreased across the first 4 quintiles, particularly between quintiles 1 and 2 ([Table 2](#T2){ref-type="table"}). Measurement variability between operators in the 5, 10, and 20 s PWV measurement periods all demonstrated "acceptable" agreement from quintile 2 onwards ([Figure 2](#F2){ref-type="fig"}), despite worsening in quintile 5 ([Table 2](#T2){ref-type="table"}).

###### 

Typical error and validity correlation of the log-transformed data for main measures of PWA and PWV between the experienced (criterion) and novice (practical) operators.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
             **Quintile 1**   **Quintile 2**    **Quintile 3**                                   **Quintile 4**   **Quintile 5**                                                                                                                                                                         
  ---------- ---------------- ----------------- ------------------------------------------------ ---------------- ------------------------------------------------ ---------------- ------------------------------------------------- ---------------- ------------------------------------------------- ----------------
  5 s PWV    0.5\             16.1\             0.8\                                             7.3\             0.95\                                            6.2\             0.9\                                              4.8\             0.6\                                              10.5\
             (−0.2 -- 0.9)    (10.9 -- 33.2)    (0.4 -- 0.96)                                    (5 -- 14.4)      (0.8 -- 0.99)[^\*^](#TN2){ref-type="table-fn"}   (4.4 -- 11.5)    (0.6 -- 0.97)                                     (3.3 -- 9.5)     (−0.0 -- 0.9)                                     (7.1 -- 21.0)

             Moderate                           Very large                                                        Extremely large                                                   Very large                                                         Large                                             

  10 s PWV   0.8\             8.2\              0.8\                                             10.5\            0.9\                                             9.1\             0.9\                                              4.7\             0.9\                                              6.2\
             (0.4 -- 0.95)    (5.6 -- 16.3)     (0.4 -- 0.96)                                    (7.1 -- 21.0)    (0.7 -- 0.98)[^\*^](#TN2){ref-type="table-fn"}   (6.2 -- 18.1)    (0.5 -- 0.97)                                     (3.2 -- 9.2)     (0.6 -- 0.97)                                     (4.2 -- 12.2)

             Very large                         Very large                                                        Extremely large                                                   Very large                                                         Very large                                        

  20 s PWV   0.2\             14.8\             0.9\                                             6.9\             0.9\                                             8.6\             0.8\                                              6\               0.9\                                              7.4\
             (−0.5 -- 0.8)    (10 -- 30.2)      (0.7 -- 0.98)[^\*^](#TN2){ref-type="table-fn"}   (4.7 -- 13.7)    (0.7 -- 0.98)[^\*^](#TN2){ref-type="table-fn"}   (5.9 -- 17.2)    (0.4 -- 0.95)                                     (4.1 -- 11.9)    (0.5 -- 0.97)                                     (5 -- 14.6)

             Small                              Extremely large                                                   Extremely large                                                   Very large                                                         Very large                                        

  AIx75      0.7\             67.5\             0.8\                                             39.3\            0.8\                                             25.5\            0.97\                                             15\              0.97\                                             25.3\
             (0.1 -- 0.9)     (42.8 -- 168.5)   (0.3 -- 0.94)                                    (25.7 -- 88.7)   (0.4 -- 0.9)                                     (17.4 -- 50.5)   (0.88 -- 0.99)[^\*^](#TN2){ref-type="table-fn"}   (10.2 -- 30.8)   (0.87 -- 0.99)[^\*^](#TN2){ref-type="table-fn"}   (16.9 -- 54.1)

             Large                              Very large                                                        Very large                                                        Extremely large                                                    Extremely large                                   
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*r \> 0.9; Data were arranged chronologically based on the date and time of the participant\'s assessment, and then divided into quintiles in order to assess the progressive effect of learning on performance. CL, Confidence limits; qualitative interpretation: the magnitude of the agreement between the novice and experienced operator\'s measurements; CV, coefficient of variation; 5 s PWV, pulse wave velocity measured over a 5-s window; 10 s PWV, pulse wave velocity measured over a 10-s window; 20 s PWV, pulse wave velocity measured over a 20-s window*.

![Mean difference and SD of the mean differences between experienced and novice operator, and the qualitative outcome. Data represent the mean of the differences in PWV measured by experienced and novice operators, and the SD of the mean differences. Accuracy of the mean differences is represented using diagonal stripes (excellent accuracy) and horizontal stripes (acceptable accuracy). \*Excellent SD accuracy. Overall accuracy is the worse of either the mean difference or SD qualitative interpretation: ^†^Excellent overall accuracy; ^\#^Acceptable overall accuracy. ^\#\#^PWV from 5 s recording; ^††^PWV from 10 s recording; ^\#\#\#^PWV from 20 s recording. Quintiles were ordered chronologically according to test date and time (Quintile 1 contains first participants tested).](fcvm-07-00072-g0002){#F2}

Discussion {#s4}
==========

The current research is the first to examine the variation in PWA and PWV measurements between a novice and experienced operator. Furthermore, this research is the first to report the differences in measurement accuracy between PWV recording lengths of different durations. Our study found that measurement agreement and accuracy substantially improved between Quintiles 1 and 2 and was typically maintained or improved (with small variability) from quintiles 2--4. These findings indicate a very steep initial learning curve (over quintile 1 + 5 pre-study practice measurements), where after small variations in agreement between experienced and novice operators occurred. The measurement accuracy was similar between 5, 10, and 20 s recording periods in quintiles 2--5.

In the last quintile, the agreement for both AIx75 and PWV worsened. It is possible that over the course of the intensive 2-week data-collection period, which started at 5:30 a.m. and typically persisted for 6 h, that the operators were demonstrating signs of mental fatigue. The data collected over a 2-week period was evenly spread with a minimum of 3 and a maximum of 6 participants measured per morning, accounting for \~20 participants per week. Monday was a practice testing day where 3 of the 5 training participants were tested as a way to run through the official testing protocol with the novice and expert operators measuring in random order. Tuesday marked the first day of data collection which would be used for analysis and this lasted for two consecutive work weeks with the most popular day to test being Thursday. In order to minimize operator fatigue and measurement errors, the maximum number of participants tested was kept to 6 per morning. Tuesdays and Fridays had 3--4 participants where Monday, Wednesday, and Thursday had 5--6 participants. Both operators found that an even spread of 3--6 participants per morning allowed for learning through training repetition without inducing too much measurement fatigue. Some of the common effects of mental fatigue include changes in mood, task motivation, and performance deficit ([@B41]). As the effects of mental fatigue may be more pronounced in unfamiliar tasks vs. automatic tasks \[as cited by van der Linden et al., Broadbent and Broadbent, and Hockey ([@B41]--[@B43])\], the accumulating increase in mental fatigue may have had a greater impact on the novice operator compared to the experienced operator. The imbalance in this effect may be responsible for the increase in the measurement variability in quintile 5.

Alternatively, personal factors such as overconfidence, or, more specifically, overestimation of one\'s actual performance ([@B44]) may have reduced measurement agreement in the last quintile. Overestimation is often associated with a second form of overconfidence known as overplacement, wherein a person believes their performance to be better in relation to others ([@B44]). Interestingly, some research has indicated that an increase in personal familiarity without an increase in observing others in a similar context increases overplacement ([@B44]). However, overestimation is more likely to arise from imbalanced information about one\'s own performance compared to others (specifically that one has worse knowledge of others than of oneself) ([@B44]) than of self-seeking or wishful thinking ([@B45]). Unfortunately, overconfidence can result in poorer decision-making and poorer outcomes ([@B45]) than if better self-regulation and monitoring strategies are employed ([@B46]). In the present study, the novice operator gained familiarity with the equipment over the course of the study, but, to avoid research bias, was not privy to the experienced researcher\'s measurement sessions. This research design, while scientifically thorough, possibly contributed to overconfidence and, ironically, to poorer learning outcomes on the part of the novice operator.

PWV Comparison With Other Studies
---------------------------------

Our findings support those of Grillo and colleagues who suggested that acceptable---excellent measurement recordings require a relatively short learning period ([@B47]). Their CV using the SphygmoCor Vx in patients with high cardiovascular risk was higher (CV = 9.5%) than the CV in the present study after a similar amount of training (2 weeks). The SphygmoCor XCEL intra-test reliability reported by Hwang et al. ([@B26]) was considerably smaller than our study (stronger validity correlation: *r* \> 0.99 vs. *r* \~ 0.9 in our study) however, no CV of the intra-test measurement differences were presented. The closer measurement repeatability in Hwang et al.\'s ([@B26]) study is possibly due to a single, well-experienced researcher taking all measurements.

The inter-operator PWV agreement in quintiles 2--4 in our study support previous research. For example, our levels of agreement were slightly higher than those reported by experienced operators measuring PWV in patients with kidney failure ([@B48]). That is, Frimodt-Møller et al. ([@B48]) reported a mean inter-operator difference in aortic PWV of 0.3 m/s compared to a range of 1--4 m/s in quintiles 2--4 our study. However, our study reported better levels of agreement when compared to Grillo et al. ([@B47]) who assessed PWV in patients with high cardiovascular risk. Even when Grillo et al. ([@B47]) analyzed inter-operator variability in a sub-set of patients with reasonable arterial compliance (i.e., a PWV of \<10 m/s), our CV typically remained lower than their data (PWV \< 10 m/s = CV of 8.5% vs. PWV \> 10m/s = CV of 10.4%; compared to a CV range of 4.7--10.5 in quintiles 2--5 in our study).

The participants in our study were middle-aged, mostly physically active, and boarderline normal/overweight, and with generally healthy blood pressure. Therefore, we would have anticipated that the mean PWV values would lie closer to the reference value of 7.2 m/s reported by Mattace-Raso et al. ([@B17]). Instead the PWV in our population was only slightly lower than the mean PWV of older patients with kidney disease \[PWV \~ 10.5 m/s ([@B47])\], and similar to an older population with chronic kidney disease \[PWV = 9.9 m/s ([@B48])\]. While both Grillo et al. ([@B47]) and Frimodt-Møller et al. ([@B48]) used Sphygmocor devices to monitor the aortic (carotid-femoral) PWV, their devices were less automated earlier models than the device used in the present study. As different technologies are known to produce different measurements and variances ([@B47]), some of the differences seen between studies may reflect equipment discrepancies.

PWV and Recording Window
------------------------

The SphygmoCor XCEL device offers three different measurement durations for the capture of PWV waveforms (5, 10, or 20 s). The operator manual indicates that while 5 s is the default setting, longer recording times may be required for participants with slower respiratory cycles and/or with more variable heart rates ([@B31]). The "capture time" is not always reported in journal articles and little is known about the differences in measurement agreement or variability between these time selections. Our study found that inter-operator agreement improved considerably in all measurement periods between quintile 1 and 2, suggesting that there is a strong initial learning effect regardless of automatic capture time. The 10-s time-period was the only measurement that yielded acceptable agreement between the novice and experienced researchers in quintile 1 and so may be preferable for training operators. By quintile 4, both the 5- and 10- s recordings had "excellent" acceptibility, very large correlation coefficients and a CV \<5%. However, the 5-s measurement was most succeptible to inaccuracy in quintiles 1 and 5 which may indicate that this recording window may be inappropriate for novice operators, or during times where mental fatigue ([@B41]) or overestimation ([@B44]) may be exhibited.

PWA Comparison to Other Studies
-------------------------------

Our measures of AIx75 in a reasonably healthy population were similar to those reported in other healthy poplations, including the "healthy participants" \[AIx = 20.2 ([@B26])\], and pregnant females \[AIx75 = 11.7 ([@B29])\]. Conversely, our data were considerably lower than those taken in ambulatory hospital patients \[AIx75 \~ 19 ([@B27])\], or patients with high cardiovascular risk \[AIx75= 26.6 ([@B49])\].

The AIx or AIx75 measurement appears to be a measurement with considerably higher variation than any of the PWV measures. This has also been reported in other studies with Magda et al. ([@B49]) reporting excellent PWV inter-operator variability of 2.5% but only satisfactory inter-operator variability of 8.4% for AIx. Indeed, Magda et al. reported an even higher intra-operator difference of 17.8% for AIx which further demonstrates the varaibility of this measure. The CVs reported by Magda et al. ([@B49]) were about half the size of the present study. These could have been attributed to the longer experience (\~35 practice measurments, and a 2-day training workshop) of the data collectors in their study, or to the differences in the Complior and SphygmoCor devices.

The health of the participants my also influence the level of inter-operator AIx75 agreement. Our study (quintiles 2--4) reported slightly better mean inter-operator differences in AIx75 than studies using kidney disease patients ([@B48]) or ambulatory hospital patients ([@B27]). On the other hand, our study reports ICCs for AIx that are similar to those of Hwang et al. ([@B26]) in their population of healthy adults of a similar age to our participants. In particular, Hwang and colleagues reported similar ICCs (*r* = 0.98) to ours (*r* = 0.97 in quintiles 4 and 5), as well as reporting similar mean differences over consecutive measurements (AIx range: \~1.1 in Hwang et al.\'s study which was similar to the mean difference range in quintiles 3 and 4 in our study).

Despite excellent coefficients of variation and small differences in mean, the CV associated with AIx are reasonably large (15--25% in the last 3 quintiles in our study). However, when the average AIx75 measurements taken in triplicate was used, the trained nurses (2-day workshop and \~35 practice measurements) demonstrated an inter-technican AIx difference of 0.1 ([@B29]). Therefore, an average of 2--3 AIx measurements may be more reliable than taking only one measurement.

There is little research available regarding potential reasons for the considerably higher variability in AIx. The AIx is a complex measurement that requires accurate capture of the pulse waveform including accurate measurement of the first and second systolic peaks as well as the pulse pressure ([@B2]). As our arteries are dynamic organs which are continually responding to alterations in shear stress ([@B50], [@B51]) through both flow-mediated dilation and constriction ([@B50]), the participant\'s internal and external environments may have transient effects on the augmentation index. This measurement complexity combined with the automatic nature of the measurement could be responsible for higher variability. That is, while using the tonometer to assess PWV, the operator may make slight adjustments to the tonometer placement or pressure in order to maximize the quality of the waveform capture. However, once the cuff has been fastened to the participant\'s upper arm in the assessment of AIx, the operator has very little control over the quality of the measurement as it is no longer possible to adjust or correct cuff pressure or placement in response to subtle changes in physiological landmarks or for any external stimuli that may interefere with the measurement. However, with greater practice, cuff placement and fit may become more consistent, and instructions to the particpant may become clearer, all resulting in a more accurate measurement. Unfortunately there is no research available to support or refute this suggestion and further work in this area is required.

Automatic Capture Findings
--------------------------

Recordings using the equipment\'s "automatic capture" function was prioritized over manual measurements to standardize outcomes. To this end, the novice operator depended primarily on the manual capture technique in the first quintile (*n* = 8), but by the second quintile demonstrated similar automatic capture proportions to the experienced operator ([Figure 1](#F1){ref-type="fig"}). There was also a gradual increase in the proportion of the experienced operators\' "automatic capture" measurements from the first to the fifth quintile. These data suggest that experienced operators may also benefit from practice measurements prior to a large research study.

Limitations
-----------

The limitations associated with reliability and validity studies is the manner in which the levels of agreement have been interpreted. While we have elected to examine variability between researchers using the ICC and CV, others have preferred to use Bland-Altman plots. Generally the studies using Bland-Altman plots have reported high PWA reproducibility ([@B26], [@B27], [@B29], [@B48]). However, our interpretation of reliability using the CV to represent the typical error of the estimate or prediction error, and the ICC to link the assessments ([@B52]), appears to be more conservative particularly regarding the AIx75 outcomes. These differences in methodological approaches makes comparisons between studies more challenging. In the end, we attempted to compare our reliability with others using primarily the inter-operator difference in means, which does not account for any variation in the measurements and therefore can only provide limited substance to our comparison.

Another limitation is that participant numbers in each of the quintiles (*n* = 8) was small, and therefore may reduce the statistical power of the analyses. A power calculation was made a priori. The sample size needed in this inter-operator reliability study with two operators was designed to achieve a kappa value of K = 0.80, with an assumed probability of positive ratings of 0.30, and a desired width of the CI at *w* = 0.20, with a 0.95 level of confidence as suggested by Shoukri et al. ([@B53]) equates to a total sample size of 117 instead of the 41 recruited. The sample was limited as the study took place at a university which was nearing a major holiday so fewer participants were available than anticipated. However, having smaller groups does provide better insight into the individual variation for each participant, which is something that is important in a practical or clinical context. Furthermore, some data was necessarily excluded from the dataset due to equipment failure or major errors in technique related to the learning process but rendering the data inaccurate.

Moreover, the participant cohort studied was atypical for the majority of research studies and patient work conducted in clinical settings, as they were healthy (free from cardiovascular disease) and generally physically fit (78% physically active). Therefore, training recommendations in this study are merely the minimum recommendations and might need to be higher for novice operators aiming to accurately record PWV from unfit and unhealthy populations, i.e., with cardiovascular diseases.

As there was only one novice researcher being compared against one experienced researcher, considerable variation might exist between the findings of this study and other studies involving different experience gaps between operators or between other novice operators. For example, the swiftness of the learning response will vary depending on the ability of the operator to learn and understand a new skill (using a tonometer) as well as the ability to keep a steady hand, locate the anatomical landmarks, detect regions of the strongest pulse, measure distances accurately, and react quickly sensitively to physiological changes to capture good data. Future research should consider comparing an experienced operator with a larger number of novice operators.

Finally, as there is only one study which used the SphygmoCor XCEL device ([@B26]), we have compared our findings with other studies using different techniques and devices which may add further differences between outcomes. Moreover, this study examines a participant cohort that may vary for what is considered typical in research or clinical work.

Recommendations and Conclusion
------------------------------

Our study reported acceptable---excellent PWV measurement accuracy by a novice operator following as little as 14 practice participants (5 practice participants + 8 participants in quintile 1 and one extra for tonometer measurement difficulty). Counter-intuitively, the automatic AIx75 measurement required more practice before measurement agreement reached acceptable levels of *r* \> 0.9 ([@B39]). For both AIx75 and PWV, measurement accuracy typically continued to improve over the first 4 quintiles (increased validity correlation and reduced CV). Therefore, for operators who have no experience measuring PWV with the SphygmoCor XCEL, we recommend a practice period of at least 14 participants prior to practical data collection ([Figure 2](#F2){ref-type="fig"}), and ideally 30 participants (5 practice participants + first 3 quintiles which yielded excellent overall accuracy for 5 and 10 s time-periods, and borderline-excellent overall accuracy for the 20 s time-period, [Figure 2](#F2){ref-type="fig"}) for either research or clinical use. The 10 s measurement capture interval appeared to provide the most accurate measurements for beginner users.

Despite AIx75 being an automated measurement using a pneumatic brachial cuff, the measurement itself is more complex (involving numerous variables detected from a pressure waveform). As such the AIx is associated with a considerably higher inter-operator CV. One critical finding that should be strongly considered for future implications is that both operators experienced a general inability to capture PWV data from one participant who had a seemingly high proportion of neck adipose tissue, making the carotid pulse difficult to detect with the tonometer. Since it is impossible to predict the likelihood of measuring someone with high neck adipose tissue, we advise testing one extra person (*n* = 14) during the PWV training due to potential measurement difficulties but the AIx was unaffected by such a case so it remains unchanged at a recommended minimum of 30 training participants (5 practice measurements + first 3 quintiles for *r* \>0.9, and lowest CV of 15%) prior to clinical data collection.

Mental fatigue, and/or over-confidence may play a role in measurement accuracy, particularly in prolonged measurement intervals. Therefore, we recommend that operators are well-rested at the time of data capture, that the intensity of the measurement periods is moderated by taking regular breaks. Collaboration with experts/support throughout the learning process should be available to encourage a meticulous and reflective attitude to data collection.
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